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A SHOCK INITTIATION STUDY OF PBX-9404

Jerry Wackerle, R. L. Rabie, M. J. Ginsberg, and A. B. Anderson
Los Alamos Scientific I tboratory, Los Alamos, New Mexico 87545, USA

Pressure-field histories during the sustained and
short-duration shock initiation of PBX-9404 explosive
(plastic-bonded HMX) have been determined with embedded
Mang:nin gauges. Numerical integration of the conserva-
tion relations anl an assumed equation of state are used
to obtain the decomposition histories during the initia-
tion process. In both cases, this process is effected
by reaction originating near the impact face producing
pressure pulses that overtake the shock front and enhance
its strength, leading to an abrupt transition to Jetona-
tion. Correlation of reaction rates to state variables
suggest an Arrhenius rate form, modified to include a de-
pendence on shock strength and an induction time. This
rate is used in computer simulations of several other
initiation experiments on PBX-9u40Lu.

I. INTRODUCTION

The planar shock initiation of the plastic-bonded HMX explosive PBX-9404
has been the subject of numerous experimental and theoretical investigations.
Experimental studies have established the dependence on input shcck strength
of the times and distances for buildup to detonation,l/2 or "Pop-plot" data,
and have provicded measurements of how these parameters increase with short-
duration shock inputs.3:% Other previous observations have included deter-
mirations of the free surface motion,> pressure histories,® and particle-
velocity historizs? in inert materials due to waves transmitted from shocked
explosive samples of thickness less than the run distance to detonation.
Theoretical studies on PBX-9404 have centered mainly on computer simulation
of these observations with one-dimensional numerical hydrocodes.s8-=10 Such
computations require a reactant-product equation of state for the explosive
and relationships between decomposition rates and the other bulk state vari-
ables. Such "rate laws" are developed either by an analysis of shock build-
up behavior or, more commonly, are based on theoretically postulated forms,
with various constants empirically adjusted to obtain the best simlation
of chservations.




Recently, more detailed information on the shock-induced decomposition
and initiation of PB¥-9404 has been provided by measurements with enmbedded
Manganin pressure gauges.3,1! Such data not only mikc more stringent demands
on the postulated rate laws, but also allaw a procedure for deriving them.

In this procedure, the gauge data are used to establish a pressure-field
history during an initiation experiment, and a direct, or lLagrangian,
analysis is used to calculate the density- and encrgy-field histories.!2
Assunption of a reactant-product equation of state allows calculation of
the deconposition and reaction rates over the space-time region covered by
the analysis. If a position-independent correlation of the rates to other
state variables (and their rates of change) can be found, an empirical rate
law can be formulated. Used in a computer simulation (with the same equa-
tion of state), such a rate dependency should at least return the observa-
tions producing it. If the analyzed experiments include a large enough range
of thermodynamic conditions, and if judicious consideration is made of sup-
plemental initiation and detonation information on the explosive, the rate
formulation may be effective for the computer simulation of experiments
quite different from those used to obtain the rate law.

In this puper we report the use of such a procedurc to derive an empiri-
cal rate law for the shock-induced decomposition and initiation of PBX-9404.
As described in the next Section, the necessary experiments were performed
at a single shock strength, using both sustained and short-duration shock
conditions to initiate the explosive. In Section III, the direct analysis of
these experiments is presented, and the decomposition dynamics of the two
cases compared. The correlation of the calculated reaction rates to pressure
and temperature is examinea and an empirical rate law is formulated in Section
IV. The ability of this rute form to yield computer simulations of bcth our
observations and many of those cited earlier is demonstrated in Section V
and discussed in Section VI.

II. EXPERIMENTS

Our experimental methods were similar to those reported for our previous
study of high-density PETN.1?2 The specific arranqement used for enbedded-
gauge measurements in PBX-9404 is shown in Fig. 1. The copper flyer and a
0.55-mm/ys projectile velocity provided a 2.9-GPa input shock strength in
all experiments. A solid aluminum projectile faced with an 8-mm copper
plzte was used in the sustained shock experiments. The explosive target as-
senbly was changed from the multilayer configuration used previously to
allow gauges to be located at four different levels without requiring the
reactive shock to transit more than one gauge asserbly. Gauges were located
at positions between 1 and 8 mm from impact, all less than tha ~10~mm dis-
tance to detonation expected with a sustained, 2.9-GPa input.

The same, 50-{, Manganin-grid gauges were used as in our previous work,
yielding pressure measurements with about 5% accuracy.l3 As discussed in a
note added to Ref. 12, such gauges have given records with consistent, but
anomaluus, premature pressure maxima, apparently due to shunt conductivity
in the gauge assenbly. This artifact initially led us to believe that de-
conposition of PEIN was interruptcd when only partially reacted. We believe
we have avoided this error with PBX-9404 by using thicker plastic insulation
{0.1 mm instead of 0.05 mm) in most instances, and in not using late stages
of the records in the analysis. As seen in the next Section, we find no
evidence of "interrupted decomposition" in the present work.

Gauge records for the sustained-shock experiments, shown later in Sec-
tion IV, display the pressure excursions similar to those for high-density
PEIN, rising more rapidly and attaining higher values as the depth into the

sarple increases. Shock-front amplitudeg also increase with depth,
consistent with previous explosive-wedge® and wave-transmission’ observations.
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Pressure histories for a 0.33-us pulse (defined as the time for the
lead rarefaction to enter the explosive), generated with a 0.76-mm flyer,
are shown for nominal 1-, 3~, 5-, and 7-mm depths in Fig. 2. Here the shock
strength is seen to decay over the run distance covered, again consistent
with earlier observations.’ However, after an initial decay due to the over-
taking rarefaction, the pressure profiles all show an increase, presumably
due to decomposition. It was assumed that given enough run distance, this
input conditiaon would lead to initiation of the PBX-9404. This was confirmecd
with an explosive wedge experiment, that showed the 0.33-us pulse produced a
modest decay in the shock front in the first 10 mm of run, followed by a
growth and an abrupt transition to detonation at ~14.5 mm.

To carplete the information needed for the lirect analysis, impact-face
pressure histories were cbtained by mounting explosive samples on the gun
projectiles and firing them into copper targets faced with Manganin-gauge
assemblies. For the sustained-shock case, this pressure reonrd also provided
an impact-face particle-velocity history, as this parameter must follow the
known conpression isentrope for copper. This is not true in the short shock
case. Consequently, we measured the free-surface velccity history of a
0. 76-mm copper plate struck with a PBX-9404 flyer, using the streak-camera
reflection technique.® Neglecting the corpression of the comer flyer, this
determination approximates the impact-face velocity history needed in the
direct analysis.

IIX. DIRECT ANALYSIS AND DECOMPOSITION DYNAMICS

Our direct analysis of the gauge data is an improved version of that
described in Ref. 12. The pressure-field histories, p(h,t), are defined in
Lagrangian coordinates by interpolation through the pressure-time records
afforded by the gauges. Evaluation of pressure gradients and time integra-
tion of the mcmentum conservation relation provide the velocity-field his-
tories, uih,t). Evaluation of the particle-velocity gradients and integra-
tions of the mass and energy conservation relations provide a complete his-
tory of the compression and energy fields (£(h,t) and e(h,t), where

L)




g = 1~ pg/p, p being the density] over the space-time region covered by
data. Our analysis is conducted in a computer program constructed much like
a one-dimensional numerical hydrocode, with the space scale of the abserva-
tions divided into small (typically 0.03-mm) increments or cells, and the
conservation relations numerically integrated in small (typically 10-ns)
time cycles. The gauge records are idealized as sharp; chocks and fitted
with smooth functions. State variables at the shock front are constrained
to evolve as determined by empirical fitting of gauge and explosive-wedge
data and as specified by the Hugoniot relations and the known, unreacted
Hugoniot for PBX-9404.

The analysis is quite sensitive to the interpolation of the pressure
data between a few gauges. With pressures specified by data, the computation
of the decomposition field, A(h,t) (where A = 0 for unreacted and = 1 for
fully reactzd), becomes dependent upon the calculated compression histories,
which in turn essentially depend on the second derivative, or curvature, of
the pressure-distance profiles. In our present analysis, the slopes of the
pressure-distance profiles are constrained at the endpoints (using momentum
caonservation and velocity histories at the impact face ad shock-change re-
lations and the assumption of no reaction at the shock front), but are ar-
bitrarily fitted with cubic splines in the interior. Such algorithms mini-
mize the magnitudes of the curvatures, and thus reduce w.wanted excursions
in the calculated compressions; however, this imposes no physical constraints
on the o:»npress:.ons. Along with measurement error, this is responsible for
some anomalies in the campression and decomposition profiles and the scatter
in the reaction rates shown later.

The principal improvement to our analysis is the addition of various
equation-of-state formulations to the computer program, allowing the conven-
ient calculation of the degree of decomposition and re_action rates. In the
work reported here, we used Mader's HOM equation of state.® In this rep~
resentation, Mie-Grineisen forms describe both the unreacted solid and fully
reacted products, .using, respectively, the shock Hugoniot and a BKW calcu-
lated isentrope as reference loci. Constant specific heats are assumed for
both components. The reactant-product mixture is determined by the assump-
tions of ideal mixing of both specific volume and energy and of pressure
and temperature? equilibrium between the two phases. The HOM constants used
for PBX-9404 are the same as those described in Ref. 8, except that we enploy
an unreacted, rather than the reactive, Hugoniot for the sclid. We use the
shock velocity-particle velocity relation

U=2.,423 + 1.883 u (mm/us) .

Eight pressure histories for the sustained-shock experiments and six
gauge records for the short-duration input were used in the direct analysis
of experiments described in Section TI. The pressures, cutpressions and de—
compositions determined are compared in Fig. 3. These variables are dis-
played in the laboratory (Eulerian) distance frame, in snapshots taken at
0.25-pys intervals, with the last profile at 2.5 us after inpact. The dashed
curves indicate the evolution of the shock front.

The sustained-shock initiation behavior displayed should be recognized
as that characteristic of heterogeneous explosives. Decomposition occurs
first near the impact face, following an induction time after shock passage.
A pressure pulse is formed near the inpact face, grows and propagates

Mhile this formulation of temperature is sensible in a homogeneous material,
for heterogeneous explosives it is, at best, an ill-defined average param-
eter, and probably much lower than the temperatures of the hotspots dominat-
ing the decomposition.
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forward, overtaking the shock front and increasing its strength. As the
shock amplitude grows, the induction time for the onset of decomposition is
reduced and the reaction rate (as manifested by the separation in decomposi-
tion profiles) is substantially incrcased. ™is results in the abrupt tran-
sition to detonation at the shock front. With this transition orcurring
about 1 mm and 0.2 us beyond the last (2.5-us) profile, it seems likely that
full reaction occurs at the front before being attained near the impact face.
While the impact-face decomposition is beiny slowed somewhat, probably due
to the depletion factor, there is no indication it will be interrupted. The
conpression picture during the sustained-shock initiation process is one of
modest expansiaons near the impact face, due to deceleration of the projec-
tile, and of a cumpressed region near the shock front due to the pressure
pulse advancing into relatively confined material. The late~time dip in the
compression profile around 4 mm from impact and the accompanying structure
in the reaction profiles may well be anomalies of the direct analysis.

The striking feature of the short-duration shock analysis is that the
deconmposition produced near the impact face is comparable to that produced
by the sustained input. However, with the thin flyer providing little con-
finement, the effect of the reaction is to expand the explosive, hclding the
pressures to relatively modest lewvels, and initially allowing the shock
front to decay. Presumably, as reaction occurs deeper within the explosive,
self-confinement will allow formation of a more substantial pressure pulse,
which--at an added run distance—-will overtake and strengthen the shock
front and effect the transition to detonation much as with a sustained shodk.
Unfortunately, our present gauge data do not cover a sufficient spatial
range to demonstrate this process.

The canparisons in Fig. 3 alone provide a fairly descriptive view of
the shock initiation process in PHX-9404, and enphasize the dominant role of
the shock strength, and the relative unimportance of subsequent pressure
history, in determining the decomposition behavior. These feat'wes will be-
come more evident in the following Section.

IV. DECOMPOSITION RATE QORRELATIONS AND EMPIRICAL RATE LAW

Reaction rates, divided by the depletion factor, (1-1), were derived
fram the direct analysis of our two cases and are plotted against pressure
and temperature in Fig. 4. The strings of synbols are calculated at the
indicated distances from impact at 0.l-ps time intervals, with time general-
ly increasing as the rates increase.

Examination of the pressure correlation of the sustained-shock experi-
ment shows that after an induction time, the calculated rates lie in a reason-
able band, implying that a simple pressure-dependent rate would treat this
case. The curve drawn on the graph is the Forest Fire form that has provided
good computer simulations of a variety of strong shock initiation and deto-
nation failure cbservations.? fThis rate formulation was developed through
considerations of single~curve buildup and the effect of decomposition on
shock front evolutiar; it is calibrated to Pop-plot data, and consequently
to more conpressed, lower tenmperature conditions that we have in the later
stages of our experiments. Forest has used his rate in a computer simula-
tion of our sustained~shock experiment.l* While the shock front growth was
somewhat stronger and the pressure profiles had more of a growing-square~
wave character than our observations indicate, the decomposition history was
quite similar to that shown in Fig. 3.

With our analysis of substantial reaction at modest—even dacreasing--
pressures in the short-shock case, it is not swrprising that any sinple
pressure-dependent form fails to correlate to the calculated rates, and
particularly not one calibrated to state conditions so remote from those of
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our experiment as Forest Fire.

Computer simulation of our short-shock ex-

perirent with this rate gave surprisingly good agreement with owr observed
14.5-mm run distance to detonation. However, the pressure and decamposition
histories were quite different from those of Fig. 3. The Forest Fire com-
putation gave a relatively modest amount of reaction, triangular-shaped pres-
sure pr%files, and a slow, but monotonically-increasing, growth at the shock
front. ! -
Correlations of the calculated decomposition rates to temperature are
shown in an Arrhenius form. Again allowing for an induction time, most of
the decomposition rates for both cases lie within a reasonable band, and can

be fitted with the same solid line. The expression for this line is
i/(l—x) - 1.42 -1200/T 1)

e (us



where T is the temperature. Two problems with this rate form remain to be
corrected. The first is that an induction-time factor needs to be added,
and the second is that the rate is much too small for stronger shock problems.
For example, a detonation wave in PBX-9404 would have, with tha above rate, a
aAl-mm reaction zone thickness, which is known to be an order or magnitude too
large. What is needed, of course, is the dependence on shock strength dis-
cussed in the previous Section. The form of this dependence is suggested by
correlation of rates calculated for the sustained shock 6 mm from impact,
indicated by the dashed line in Fig. 4. The fact that this line has the same
slope kut a larger intercept indicates that we should retain the above acti-
vation temperature and increase the pre-exponential with a function of shock
strength. Since the shock amplitude after 6 mm run is about 40% higher than
at gauges between 0 and 4 mm, and the intercept of the dashed curve is about
twice as large as that fitting the other rates, a shock—pressure—squared de~
pendence is suggested.

With these factors considered, our rate form is

Wa-n =z ety e 20T, (us™)
vhere

Z=0.17p> , (s
and

c=e93T | p>0.75@a; G=0, p £ 0.75 GPa
with

t 2
I(p,t) =J' 0-0.75)2 at’ .
0

Here pg is the shock pressure and the constants are chosen appropriate to
time m microseconds and pressures in gigapascals. The factor G was chosen
rather arbitrarily to give induction times that are strongly reduced with
shock strength, as both our analyses and shock-evolution studies’ indicate.
It provides 90% of the full rate in about 1 us with a 2.9 GPa pressure and
in about 0.05 us with 10 GPa.

V.  OOMPUTER SIMULATTIONS

Our computer simulations were performed with Fickett's one-dimensional
. numerical hydrocode, PAD. 15 Particularly valuable features of this program
included the automatic adjustment of time cycles to insure stability (espe-
cially useful for our projectile-impact problems), an algorithm to locate
the shock front (at the cell of maxirum artificial viscosity) and determine
its strength, and prov1510n for accommodating alternate equations of state.
A recently improved version of HOM was used with this last option.l* we
also implemented a few modifications needed for our particular rate law.

Similations of the two experimental configurations used to calibrate
our rate law both gave distances to detonation within 0.5 mm of those ob-
served, and gave the conparlson., with selected gauge records shown in Figs. -
5 and 6. The agreement is good enough that it is necessary only to indicate
the small deficiencies. In the sustained shock case, the calculated shock
strength at the 8-mm gauge is slightly lower than that observed, and the
calculated pressure excursions--particularly of the deeper gauges—-are not
as rapid as those measured. Simulations of the short-shock experiments did
not give as much redvction in shock strength and in impact-face pressure
history as cdbserved.
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6, and 8 mm from impact.

In addition to the short-shock configuration used in the analysis, we
also performed enbedded gauge experiments at 2.2 GPa with 1.02- and 0.51-mm
copper flyers. Both of these experiments gave pressure excursions indi-
cative of reaction, and computer simulations of each case gave the same

match to observation, and same slicat deficiencies, as obtained with
the 0.76-mm fiyer. :

As noted in the Introduction, if our direct analysis is properly per-
formed and correlations are found, our procedure should return computer sim-
ulations of the calibrating observations. This is true even if the observa-
tions themselves and the assumed state equation are seriously in error.
More stringent tests of the rate formulation are afforded by attempts to
similate experiments at shock and state conditions quite different from our
own. Our principal such tests were computations of initiation experiments
with higher pressure sustained and short-duration shocks, generated with alu-
minum flyers.

The results of these tests are sumarized with reference to Fig. 7.
The solid curve is the current best construction of a Pop plot for lLos
Alamos data on PBX-9404,2¢1% using the unreacted Hugoniot described earlier.
Our calculations of sustained-shocl: distances to detonation, shown without
nurber labels, are in excellent agreement except at 2 GPa, for which we com-
pute a slightly longer run distance. At the right-hand side of Fig. 7 are
comparisons with the short-duration shock experiments of Gittings.® With a
2.0-mm/us flyer velocity,* she observed increased excess transit times with

*We have used the reported flyer velocities to determine the shock pres-—
sures shown in Fig. 7; pressures given in Refs. 3 and 4 are slightly dif-
ferent due to the use of different Hugoniots.

9



20;-

E 33
8 lor £ | +
i E
5 |1 z
g 82
© 9r s .
o . >
e 3
3 || £
ﬁ . a
HE o |
a i

l -

| . 0

Shock pressure (GPa) . Time (ps)

Fig. 7. Pop-plot representation Fig. 8. Simlations (dashed lines)

of experiments and simulations for and observations of plate-push ex-
sustained and short-duration shock periments with PBX-9404.
initiation of PBX-9404.

0.125-m flyers and with 0.22-mm flyers with a 1.6-mm/us velocity. Our com-
puter simulations, labeled with the flyer thickness in millimeters, show in-
creased run distances. However, we do not calculate ¢s large an increase in
excess transit time or as sharp a tendency to failure as Gittings' nata indi-
cate. Similarly, in our simulation of Trott and Jung's 6.2-GPa experiment,*
using a 0.41-mm, 1.2-mm/us aluminum flyer, we calculate a substantially in-
creased run distance, but not as much as dbserved. Among the points plotted
for similations and the single datum of our 2.9-GPa short-shock experiments
is the calculation of a 13-mm run distance for a 1.52-mm aluminum flyer
_traveling 0.67 mm/ps; this correspands to an experiment in which buildup to
detonation did not occur in a 12.7-mm sample thickness."

Additional tests of our rate formulation were afforded by sirmlations
of two types of "plate-push" experiments, shown in Fig. 8. The first was
our observation of a free-surface velocity of a 0.76-mm copper plate struck
by PBX-9404, described in Section II. As seen in the lower curves, the sim-
ulation is much better than the 5 to 10% error in the experiment. Addition-
ally, the computation showed the impact face velocity history to be nearly
identical to that at the free surface, supporting our use of such as assunp-
tion in incorporating the measurement in our direct analysis. The upper
curves represent our conputations of two experiments by Craig and Marshall
(se= Fig. 4, Ref. 5), in which 3-GPa shocks were introduced into 2.5~
and 6.3-mm PBX-9404 samples, and the decompusing, but not detonated explo-
sive accelerated 2-irm thick Plexiglas plates. The conparisons are good over
most of the observation time; the disparity at late times may be more in our
failure to properly simulate their rather conplicated high-explosive driving
system than in the reaction rate formulation.

Our use of a shock-strength dependence and an induction time in the
rate form dictates that the steady detonations calculated in our similations

/5
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are of the Zeldovich-von Neumann-Doering (ZND) form. The HOM equation of
state assures computation of a 54-GPa von Neumann spike pressure and
n36~GPa Chapman Jouget, (CJ) pressure, within the range of accepted values.®
Calculated ~0.l-mm reaction-zone lengths are also consistent with accepted
values. The development of the full ZND confiquration typically occurs

0.2 to 0.4 uys after the shock front has reached CJ pressure; attainment of
the CJ pressure was used as our criterion for the calculated distancas to
detonatiaon presented earlier.

VI. DISCUSSION

While our decorposition rate for PBX-9404 is purely empirical, there
are strong phenomenological arguments to support some features of the formi-
lation. A principal feature of the rate form is that the decomposition his-
tory of the shocked material be predetermired by the strength of the first
shock it experiences. Thus, it is conceptuallx similar to the "nucleation-
growth” models favored by other investigators,”s10/17 and can be justified
with the same rationale. The strong evidence given in Section III for such
a shock~induced decomposition behavior is supplemented by additional obser—
vations on both PBX-9404 and high-density PETN. Quartz-gauge impact-face
measurenents!? on thin samples of the latter explosive showed that neither
reflected shocks nor returning rarefaction appreciably altered the reaction-
induced pressure growth rateé 8 and Kennedy found the same effect in PBX-9404
in the reflected-shock case.® In explosive wedge experiments on both com-
positions, we have found that preshocking with small amplitude precursors
increases the iun distance to detonation, roughly by the distance required
for the second, initiating wave to overtake the precursor.

While use of the second power of the shock pressure in the rate was
suggested by our correlations, we were quite prepared to alter this power to
get 3greement with the Pop plot; this proved unnecessary. The effectiveness
°§ p; form may in some way be associated with the relatcd coxrelations of the
p“t cxriterion for short-shock initiation and the approximate p"? dependence
of its time to detonation to input shock strength. However, we helicve that
attaching great physical significance to the power of two is unjustified,
particularly in noting that a much larger power is appropriate for the ini-
tiation criteria in TATB.!?

The induction time factor is admittedly the most ad hoe aspect of our
rate form. Taylor has shown that the induction time for hot'sgots gencrated
by plastic work at void peripheries is proportional to fpzdt. 0 If a finite
yield streagth is adied to his consideration of an ideal viscous fluid, the
constant pressure subtracted in our induction time factor can be justified;?!
"however, a value as large as 0.75 GPa would require same claims of work
nardening. The particular exponential fomm of our G(p,t) was chosen quite
arbitrarily, and the induction time factor of the rate is a major aspect we
would hope to better define with improved experiments and analysis.

Several simulations of initiation phenomena in het.erogencous explosives
have been done with Arrhenius rate forms, both used arbitrarily?? and
argued on a grain- or hole-burning thesis."»17 Since we use a tenperature
form quite inappropriate for an inhomogeneous material, we find it Qiffi-
cult to believe that this parameter is more than a representation of the
average state of the material that fortunately correlates to the decompoui-
tion rate. This view was reinforced by our experience in executing the
entire analysis/simulation processg with the relatively sinple DLEND equation
of state,l5 as well as a quite different tenmperature form;2? the Arrhenius
rate correlations and matching of computer simulations were nearly as qood
as those described above.



While our amplrical rate form is not. completely satisfying physically,
wa hullowe the procedure by which it was derived has been shown to be power-
fu. and offuctive. As more physical forms are proposed, they can be readily
tentad and tholr adjustuble constants determined by the same method. This
promiua proevides the impotus for our continuing efforts to improve the range
and wocuracy of our erbadded-gauge measurcments and to develop a direct anal-
ysin morae constrained to the allowed state history in the explosive.
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